Introduction
============

Social behavior involves multimodal sensory inputs, information processing cascades conducted by multilevel neural circuits, and complicated behavioral outputs. Within each brain region, interactions between principal neurons and interneurons form neural circuit motifs, the fundamental computational building blocks for information processing ([@B4]). In mice and many mammals, the accessory olfactory system (AOS) is required for the expression of typical social behaviors, but many fundamentals of its organization and function remain unclear. The AOS detects nonvolatile chemosignals including pheromones (for intraspecies communication) and kairomones (for interspecies communication; [@B53]). In rodents, the first dedicated neural circuit for chemosignal information processing is the accessory olfactory bulb (AOB).

AOB principal neurons, known as mitral cells (MCs), are tightly modulated by local GABAergic interneurons and GABAergic modulation in the AOB has significant behavioral impacts ([@B38]; [@B5]; [@B29]). For example, microinfusion of GABAergic transmission blocker to AOB can block pregnancy ([@B37]). Many studies have implicated AOB GABAergic interneurons in social behaviors and experience-dependent chemosensory plasticity ([@B8]; [@B48], [@B49]; [@B7]; [@B39]; [@B1]; [@B29]; [@B10]; [@B21]). Cumulatively, these observations suggest that MC--interneuron communication in the AOB is critical for rodent physiology and behavior.

Despite recent progress, we lack information about how MCs interact with several inhibitory neural types. The AOB has a variety of interneurons that were classified based on their location and morphology ([@B42]; [@B54]). Juxtaglomerular cells (JGCs) are found within the superficial glomerular layer, where excitatory sensory inputs from the vomeronasal organ (VNO) enter the AOB. Internal granule cells (IGCs), the most abundant and well studied AOB interneuron type, are located in the internal granule layer. External granule cells (EGCs) are found in the external cell layer alongside the somas of MCs. JGCs, similar to counterparts in the main olfactory bulb (MOB), are thought to modulate the input to the MCs via their synaptic connection with VNO axon terminals and MC apical dendrites within glomeruli ([@B22]). EGCs and IGCs, in contrast, are thought to modulate MC activity via deeper reciprocal dendrodendritic connections ([@B65]; [@B11]). Relative to JGCs and IGCs, there is very little information about the physiology or function of AOB EGCs; just one targeted study of their intrinsic features has been reported ([@B46]).

Cells that appear analogous to AOB EGCs have been studied in the MOB. Specifically, MOB parvalbumin-expressing interneurons in the external plexiform layer (PV-EPL interneurons) resemble EGCs in their morphologies and apparent broad connectivity with MCs. These MOB PV-EPL interneurons were shown to integrate excitatory information from multiple MCs, resulting in broader odorant receptive fields than MCs ([@B40]). In this context, the broad tuning of PV-EPL interneurons, along with their capacity for lateral inhibition of MCs, supported so-called divisive normalization or gain scaling. This divisive normalization function resulted in increased levels of MC inhibition as more MCs were recruited by the sensory stimulus, an effect that is thought to limit population activity and preserve sensory discrimination across concentration ranges ([@B40]; [@B52]). Given the similarities between MOB PV-EPL interneurons and AOB EGCs, we hypothesized that AOB EGCs would display broad chemosensory tuning and carry out divisive normalization of MCs through their inhibitory dendrodendritic synapses.

Here, we describe the first targeted investigation of AOB EGCs in the context of chemosensory function. Using a Cre-expressing transgenic mouse (*Cort*-T2A-Cre), which selectively labels subsets of AOB EGCs ([@B64]; [@B46]), we measured EGC activation by AOS ligands in an *ex vivo* preparation of the early AOS, finding unexpectedly sparse activation compared with MCs and JGCs. Loose-seal cell-attached recordings on EGCs indicated no differences in GCaMP6f performance in EGCs compared with MCs in the context of naturalistic stimulation. Whole-cell *ex vivo* recordings revealed broad subthreshold activation of EGCs, but most EGCs only spiked in response to natural chemosensory blends (e.g., mouse urine or feces). The lack of broad spiking activity in AOB EGCs suggests that EGCs do not support divisive normalization in the context of small numbers of odorants, but may do so in rich pheromone environments. Overall, these studies provide new information about the role of AOB EGCs in AOS sensory processing and place important constraints on our models of AOB circuit function.

Materials and Methods
=====================

### Mice

All animal procedures were in compliance with the UT Southwestern Institutional Care and Use Committee. Mice used in this research were C57BL/6J, unless otherwise noted. *Cort*-T2A-Cre and *Gad*-IRES-Cre ([@B64]) were from The Jackson Laboratory (stock \#010910 and \#028867). *Pcdh21*-Cre ([@B55]) mice were shared by the laboratory of Timothy Holy (Washington University School of Medicine, Saint Louis, MO) with permission from the originating institution. Both male and female mice were used in all experiments, and the results were pooled. Twenty-seven mice (14 females and 13 males) were used for EGC Ca^2+^ imaging. Five mice (three females and two males) were used for JGC Ca^2+^ imaging. Nine mice (four females and five males) were used for MC Ca^2+^ imaging. For slice electrophysiological experiments, 20 mice (17 females and 3 males) were used for EGC patch-clamp recordings and cell-attached recordings; 10 mice (three females, and 7 males) were used for MC patch-clamp recordings and cell-attached recordings. For EGC *ex vivo* patch-clamp recording, 16 mice (10 females and 6 males) were used.

### Stimuli and reagents

Female mouse fecal extracts and urine were prepared as previously described ([@B56]; [@B51]; [@B19]). Fecal extracts and urine were pooled across subjects of the same sex, strain, and age, then aliquoted and stored at −80°C. Just before each experiment, aliquots were thawed and diluted in control Ringer\'s saline solution containing the following (in m[m]{.smallcaps}): 115 NaCl, 5 KCl, 2 CaCl~2~, 2 MgCl~2~, 25 NaHCO~3~, 10 HEPES, and 10 glucose. For VNO stimulation, the fecal extracts were diluted at 1:300, and the urine was diluted at 1:100, concentrations that activate approximately equal numbers of AOB MCs in the *ex vivo* preparation ([@B18]).

All sulfated steroids were purchased from Steraloids. The sulfated steroid panel includes A7864 (5-androsten-3β, 17β-diol disulfate, disodium salt), A6940 (4-androsten-17α-ol-3-one sulfate sodium salt), A7010 (4-androsten-17β-ol-3-one sulfate, sodium salt), E0893 \[1, 3, 5(10)-estratrien-3, 17α-diol 3-sulfate, sodium salt\], E1050 \[1, 3, 5(10)-estratrien-3, 17β-diol disulfate, disodium salt\], E4105 (4-estren-17β-ol-3-one sulfate, sodium salt), P3817 (5α-pregnan-3α-ol-20-one sulfate sodium salt), P3865 (5α-pregnan-3β-ol-20-one sulfate, sodium salt), P8168 (5β-pregnan-3α-ol-20-one sulfate, sodium salt), Q1570 (4-pregnen-11β, 21-diol-3, 20-dione 21-sulfate, sodium salt), and Q3910 (4-pregnen-11β, 17, 21-triol-3, 20-dione 21-sulfate, sodium salt). Twenty millimolar stock solutions of A7864, EML, and Q1570 were prepared in H~2~O, the 20 m[m]{.smallcaps} stock solution of all other sulfated steroids were prepared in methanol. Upon use, stock solutions were diluted at 1:2000 into the Ringer\'s solution (10 μ[m]{.smallcaps} working concentration). Methanol was diluted at 1:2000 into the Ringer\'s solution as a vehicle control.

### Targeted GCaMP6f expression

GCaMP6f expression in AOB neurons was achieved by injecting AAV.CAG.Flex.GCaMP6f.WPRE.SV40 ([@B14]) to the corresponding Cre mouse lines. To achieve optimal GCaMP6f expression, different adeno-associated virus (AAV) pseudotypes were used. AAV9 (catalog \#AV9-PV2816, Penn Vector Core) was used on *Cort*-T2A-Cre for EGC labeling, and *Gad2*-IRES-Cre ([@B64]) for JGC labeling. AAV5 (catalog \#AV5-PV2816, Penn Vector Core) was used on *Pcdh21*-Cre for MC labeling, confirming the efficacy of this AAV pseudotype for MCs ([@B59]).

Adult mice 8--12 weeks of age were used for virus injection. Intracranial injections were performed on a customized stereotaxic device that rotated the mouse head such that the rostral end of the head tilted up ∼30°. Mice were anesthetized via isoflurane inhalation using a SomnoSuite Small Animal Anesthesia System (Kent Scientific). For each animal, ∼180 to 300 nl of viral vector (≥1e^13^ μg/ml) was injected into the AOB. The bilateral coordinates, measured from Bregma, were lateral approximately +1000 μm and anterior approximately +4150 μm for 8-week-old adult mice. Depth coordinate was ∼3300 μm beneath the skull surface. After virus injection, the animals were allowed to recover for at least 3 weeks before being used for experiments.

Additionally, the *Cort*-T2A-Cre mouse line crossed with Ai148D mice (TIT2L-GC6f-ICL-tTA2)-D (stock \#030328, The Jackson Laboratory) to transgenically express GCaMP6f in EGCs. Eight of these animals were used in *ex vivo* imaging, producing 10 EGC data instances. We observed no discernible differences between the *ex vivo* GCaMP6f imaging results of Ai148D animals and virally driven animals (data not shown), so these instances are compiled in one dataset and analyzed together.

### VNO-AOB *ex vivo* preparation

*Ex vivo* preparations were performed as described previously ([@B50]; [@B18]). Briefly, mice were anesthetized by isoflurane inhalation, followed by rapid decapitation into the ice-cold artificial CSF (aCSF). After removing the scalp, the snout and olfactory bulbs were separated from the rest of the skull, and the snout was then halved along the midline, maintaining the VNO AOB from the right hemisphere. The resulting tissue was affixed to a plastic plank with tissue adhesive (Krazy Glue, Elmer\'s Products) and placed into a custom perfusion chamber where secondary dissections were performed. In this chamber, room temperature (22--25°C) oxygenated aCSF was rapidly superfused over the tissue at a rate of 5--8 ml/min. aCSF contained the following (in m[m]{.smallcaps}): 125 NaCl, 2.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 25 NaHCO~3~, 1.25 NaH~2~PO~4~, 25 glucose, 3 *myo*-inositol, 2 sodium pyruvate, and 0.4 sodium ascorbate. The septal cartilage was carefully removed, exposing the septal tissue containing the axons from VNO to the oxygenated aCSF. The sample was then transferred to a second, custom-built tissue chamber with a rotatable platform. A small cut was made at the anterior end of the VNO capsule, through which polyimide tubing (inner diameter, 0.0045 inch; wall, 0.00050 inch; A-M Systems) was inserted for stimulus delivery. Stimulation solution was pressurized at 9--12 psi giving an effective flow rate of 0.2--1 ml/min. Valve opening was controlled by an Automate Scientific perfusion system with a ValveLink8.2 controller. Once cannulated, the platform was rotated so that the AOB facing upward to facilitate 2-photon imaging on an upright microscope.

### Acute slice preparation

Mice were anesthetized with isoflurane and immediately decapitated into ice-cold oxygenated aCSF with an additional 9 m[m]{.smallcaps} MgCl~2~. Brains were then extracted, and a vertical cut at the prefrontal cortex was made and the anterior part containing the olfactory bulbs was preserved. Another vertical cut along the midline separated the two hemispheres, and both were embedded in aCSF containing 3% low-melt agarose at 37°C. The agarose block was then mounted on an angled slicing platform on a vibrating microtome (VT1200, Leica). The slicing blade ran at an angle of ∼12° off-sagittal, running from caudal/medial to rostral/lateral. The slices were then collected in a recovery chamber containing oxygenated room temperature aCSF with 0.5 m[m]{.smallcaps} kynurenic acid. Slices were allowed to recover for at least 30 min before being used for patch-clamp recording.

### Experimental design and statistical analysis

#### *Ex vivo* 2-photon GCaMP6f imaging.

Adult mice 11--16 weeks of age were used for imaging. *Ex vivo* preparations in the customized chamber were placed into a custom adapter on a Thorlabs Acerra upright 2-photon microscope system equipped with an XLUMPlanFLN 20× objective (Olympus) and a fast-scanning resonant galvanometer along one of the two principal axes. To excite GCaMP6f fluorescence, 910 nm light (average power measured at the laser, 2100 mW; power transmission for imaging, 25--35%) was used. Images with pixel dimensions 512 × 512 were acquired at 30 frames per second (fps) and synchronized with a stimulus delivery system (Automate Scientific) via Axon Clampex 10 software (Molecular Devices). Episodic stimulation sessions, consisting of 1 s prestimulation VNO Ringer\'s solution flush, 8 s of VNO stimuli, and 11 s poststimulation VNO Ringer\'s solution flush, were used to present multiple repeats per cell. Across sessions, stimulus presentation order was randomized to reduce the impact of potential stimulus order effects.

#### Acute slice whole-cell patch-clamp electrophysiology.

Adult mice 11--16 weeks of age were used for acute slice electrophysiology experiments. Acute slice electrophysiology was performed on the same upright 2-photon microscope used in *ex vivo* imaging. Slices were placed in a tissue chamber (Warner Instruments) and warmed to 28--30°C by a temperature controller (Warner Instruments). GCaMP6f-expressing neurons were identified using the same laser setup with *ex vivo* imaging. Thin borosilicate glass electrodes (TW150, World Precision Instruments) were pulled using a horizontal puller (P1000, Sutter Instruments). The electrodes were then filled with standard internal solution containing 115 m[m]{.smallcaps} K-gluconate, 20 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} HEPES, 2 m[m]{.smallcaps} EGTA, 2 m[m]{.smallcaps} MgATP, 0.3 m[m]{.smallcaps} Na~2~GTP, and 10 m[m]{.smallcaps} Na phosphocreatine at pH 7.37. Alexa Fluor 568 (166 μ[m]{.smallcaps}; Thermo Fisher Scientific) was added for visualization under a 2-photon microscope. Pipette resistance ranged from 7 to 10 MΩ for EGC patch clamp, and 6--8 MΩ for MC patch clamp. The electrodes were controlled with a MicroStar motorized micromanipulator (Scientifica). In the experiments probing the relationship between GCaMP6f signal and action potentials, after whole-cell configuration was formed, cells went through the voltage-clamp and current-clamp protocols. Our voltage-clamp protocol started at −70 mV, followed by a 10 s train of 20 Hz depolarization pulses to 0 mV (2 ms pulse width). Under the current-clamp mode, we inject either sustained step currents or 2 ms current pulse trains to evoke action potentials at desired frequencies. GCaMP6f signals were recorded simultaneously using the same imaging parameters as *ex vivo* Ca^2+^ imaging experiments. The GCaMP6f signal was then extracted using custom MATLAB programs.

#### Acute slice loose-seal cell-attached recording and local field stimulation.

We used the same acute brain slice preparation for loose-seal cell-attached recordings as for whole-cell patch-clamp recordings. Pulse stimulation of the glomerular layer was applied using a stimulus isolator (model A365, World Precision Instruments) at 20 Hz for 10 s (5 ms pulse width). Stimulation was achieved via an ACSF-filled theta-glass electrode with a ∼30 µm tip. Spontaneous and evoked action potentials were recorded using AaCSF-filled borosilicate glass pipettes (resistance, 6--8 MΩ) in the loose-seal configuration.

#### *Ex vivo* whole-cell patch-clamp electrophysiology.

The *ex vivo* preparation setup for whole-cell patch-clamp experiments was the same as for the *ex vivo* imaging. *Cort*-T2A-Cre mice were crossed with Cre-dependent tdTomato effector mice ("Ai9" mouse line; stock \#007909, The Jackson Laboratory) to label Cort^+^ cells. Adult offspring mice 11--16 weeks of age were used. Alexa Fluor 488 (100 μ[m]{.smallcaps}; Thermo Fisher Scientific) was added in the standard internal solution for electrode visualization under a 2-photon microscope. Target cells were identified and approached using the "approach" mode of the micromanipulator (to facilitate penetrating the tissue without tearing the glomerular layer) before achieving the whole-cell configuration. After the whole-cell configuration was achieved, cells were held in current-clamp mode. Upon break-in, the resting membrane potential of the cell was measured, and a steady-state holding current was applied throughout the experiment to maintain the initial resting membrane potential. The same panel of monomolecular ligands and natural stimuli were applied to the VNO as the for *ex vivo* Ca^2+^ imaging experiments.

All recordings were amplified via a MultiClamp 700B amplifier (Molecular Devices) at 20 kHz and were digitized by a DigiData 1440 analog--digital converter via pClamp 10.5 software (Molecular Devices; RRID:[SCR_011323](https://scicrunch.org/resolver/SCR_011323)). Data were analyzed by custom software written in MATLAB, and graphs were created using MATLAB and R (ggplot2).

#### *Ex vivo* 2-photon GCaMP6f imaging analysis.

Raw 2-photon Ca^2+^ imaging analysis was performed using customized MATLAB scripts. Regions of interest (ROIs) were manually selected and change in fluorescence (ΔF/F) values were extracted by comparing the change in fluorescence during stimulation to 30 frames (∼1 s) before each stimulus session. Because EGCs were relatively rare in the field of view, and very dim at rest, before each experiment we manually pulsed the VNO with each of the stimuli in the panel, which revealed stimulus-responsive cells in the field of view. Throughout this study, only cells (MCs, EGCs, and JGCs) that responded to at least one stimulus were included in the analysis. Further analysis of ΔF/F signals was performed using customized R scripts, and graphs were made using ggplot2. ΔF/F responses were averaged over four or more trials for each stimulus. Because the latency to peak for each cell and each specific preparation can vary (typically between 7 and 12 s from stimulation onset), we used average response curves to determine a continuous series of samples during which the ΔF/F value is \>50% of the peak value. For each individual repeat, we integrated the ΔF/F intensity during this time window. We assessed the statistical reliability of the stimulus responsiveness of each cell using the unpaired Student\'s *t* test, comparing each stimulus to the vehicle control trials. We considered a cell to be responsive to a stimulus if the *p* value compared with negative control trials was \<0.05 and peak ΔF/F was \>0.1. These criteria were met by most cellular responses, but we noticed several cell--stimulus pairs with responses that greatly surpassed the 0.1 ΔF/F threshold, but demonstrated *p* values between 0.05 and 0. 1 due to the relatively small repeat number (≥3). To avoid the possibility of falsely rejecting these strong responses, we added a second statistical criterion with an elevated 0.3 ΔF/F amplitude threshold and a slightly relaxed statistical threshold of *p* \< 0.1. For heat map displays throughout the article (see [Figs. 2](#F2){ref-type="fig"}*B*, [3](#F3){ref-type="fig"}*B*, [4](#F4){ref-type="fig"}*D*), average peak ΔF/F value was used to represent the response strength of each cell toward to each stimulation. The cumulative distribution of EGC, JGC, and MC tuning was evaluated using a Kolmogorov--Smirnov test (see [Figs. 5](#F5){ref-type="fig"}*A*, [5](#F5){ref-type="fig"}*B*, [7](#F7){ref-type="fig"}*C*). Heat map displays of chemosensory tuning (see [Figs. 2](#F2){ref-type="fig"}*B*, [3](#F3){ref-type="fig"}*C*, [4](#F4){ref-type="fig"}*D*) were manually arranged based on the ligand responsivity of each cell.

#### Simultaneous GCaMP6f imaging and acute slice electrophysiology analysis.

For analysis of current-clamp stimulation experiments, we measured the peak ΔF/F following each spike, and ΔF/F-to-spike relationships were analyzed by two-way ANOVA, (see [Fig. 6](#F6){ref-type="fig"}*D*). For loose-seal cell-attached recordings (see [Fig. 6](#F6){ref-type="fig"}*E--I*), electrical stimulation was used to stimulate the glomerular layer, resulting in variable spike timing in downstream neurons (i.e., total number of spikes and interspike interval distributions varied). For comparisons of the ΔF/F--spiking relationship in these experiments, we analyzed the first 20 consecutive spikes within the ΔF/F rising phase (i.e., before the overall peak/plateau). If a cell fired \<20 spikes in a given trial, we analyzed the bout with the largest number of spikes. The average interspike intervals were 0.16 ± 0.01 s for MCs and 0.26 ± 0.09 s for EGCs. To assess the effect of the initial action potentials on the GCaMP6f signal, we calculated the ΔF/F of a fixed time window (3 frames or 10 frames; 30 fps) immediately after the first evoked spike onset. The amplitude of ΔF/F over these frames was plotted against the number of spikes that occurred within that time window (see [Fig. 6](#F6){ref-type="fig"}*H*), and compared using two-way ANOVA. We generated spike-to-ΔF/F relationship of the first 20 evoked action potentials by measuring the peak ΔF/F immediately following each spike and evaluated using a two-way ANOVA (see [Fig. 6](#F6){ref-type="fig"}*I*, left). The average number of spikes to reach the 0.1 and 0.3 ΔF/F threshold was compared using Student\'s *t* test (see [Fig. 6](#F6){ref-type="fig"}*I*, right).

#### Two-photon *ex vivo* whole-cell patch-clamp electrophysiology analysis.

In these experiments, each round of stimulation included 1 s of prestimulation flush, 8 s of stimulation, and 11 s of poststimulation flush. The stimulation panel was split into two bouts, each consisting of six sulfated steroids, two naturalistic stimuli, and the vehicle control, delivered in randomized orders. Two bouts were used to cover the entire stimulation panel, and at least three full repeats of the full stimulus panel were used for all analyzed experiments. The membrane voltage was recorded at 20 kHz during the stimulation administration, and for all comparisons except spike analysis, the data were downsampled by decimation by a factor of 100. For each repeat, we calculated the average value of the top 5% of voltage reads in a static time window between 1.5 and 10 s following the stimulus onset and used the value to quantify the subthreshold activity. The response to each stimulus was compared with the vehicle control using the Wilcoxon rank sum test (see [Fig. 7](#F7){ref-type="fig"}*B*; three or more repeats per stimulus). All stimulus responses with *p* \< 0.05 were considered effective. Comparisons of EGC and MC tuning distribution revealed by GCaMP6f imaging and EGC responsiveness revealed by *ex vivo* whole-cell patch clamp were conducted using the Kolmogorov--Smirnov test (see [Fig. 7](#F7){ref-type="fig"}*D*).

Results
=======

Implementation of cell type-specific GCaMP6f Ca^2+^ imaging in the AOB *ex vivo*
--------------------------------------------------------------------------------

The mouse AOB remains one of the most poorly understood principal sensory circuits in the mammalian brain. A large reason for this deficiency is the limited number of studies on the sensory responses of AOB neurons. Several *in vivo* and *ex vivo* studies have investigated MC sensory responses, but studies of interneuron function are severely lacking ([@B44]; [@B29]; [@B2]; [@B51]; [@B19]). We used combined *ex vivo* sensory preparations that retain VNO--AOB connectivity ([@B50]) with 2-photon GCaMP6f imaging to measure Ca^2+^ signals in specific AOB neuronal populations ([Fig. 1](#F1){ref-type="fig"}*A*).

![***A***, Overview of e*x vivo* Ca^2+^ imaging. Left, The stimulus panel delivered to the VNO to drive activity in the AOB. Included are natural ligand blends (1:100 diluted BALB/c mouse urine and 1:300 diluted mouse feces) and 11 monomolecular sulfated steroids at 10 μ[m]{.smallcaps}. Right, Diagram of AOB circuit. ***B***, Raw images of GCaMP6f fluorescence during *ex vivo* Ca^2+^ imaging experiments on AOB MCs. MCs expressed GCaMP6f via the infusion of Cre-dependent AAVs into the AOBs of *Pcdh21*-Cre transgenic mice ≥3 weeks before the recordings. Numbered regions of interest denote three highlighted MCs with different tuning preferences. Scale bar, 50 μm. ***C***, ΔF/F measurements from the three cells highlighted in ***B*** across two randomized repeats. Numbers above the gray vertical bars indicate the stimulus being applied, with colors matched to the stimulus panel in ***A***.](SN-JNSJ200198F001){#F1}

An important consideration for any study of chemosensory tuning is that measured receptive fields critically depend on the choice of chemosensory cues and concentrations. Some physiological studies of AOB tuning have exclusively used natural blends of chemosensory cues (e.g., dilute urine and saliva; [@B29]; [@B2]; [@B66]), whereas others have used both of natural chemosignal blends and monomolecular VNO ligands ([@B51]; [@B19]; [@B17]). We chose to use both natural and monomolecular stimuli; we selected a panel that included diluted mouse urine, fecal extracts, and monomolecular sulfated steroid ligands similar to those used by previous studies ([@B51]; [@B67]; [@B19]). We first recorded sensory tuning to this panel of odorants in AOB MCs by virally or transgenically driving GCaMP6f in *Pcdh21*-cre transgenic mice ([@B55]). We observed reliable, time-locked, stimulus-driven chemosensory activity in populations of AOB MCs across multiple stimulus trials ([Fig. 1](#F1){ref-type="fig"}*B*,*C*, [Movie 1](#vid1){ref-type="supplementary-material"}). GCaMP6f responses to 8 s stimulus trials were large in amplitude (ΔF/F peak amplitudes, ∼0.4 to ∼3.2) and slow to peak and decay (peak time, 7--12 s from stimulation onset; decay time, 8--14 s), which is consistent with the time course of action potential firing observed in MCs with similar stimulation conditions ([@B29]; [@B50]). The establishment of GCaMP6f 2-photon Ca^2+^ imaging in the *ex vivo* preparation allowed us to investigate sensory tuning properties of genetically defined AOB cell types.

###### 

An ex *vivo* 2-photon GCaMP6f Ca^2+^ imaging video 18X speed) showing Pcdh21+ MCs activated by VNO chemosensory stimulation.

10.1523/JNEUROSCI.2238-19.2020.video.1

Mitral cell GCaMP6f imaging confirms broad chemosensory integration
-------------------------------------------------------------------

AOB interneurons are principally excited by glutamatergic sensory input from AOB MCs ([@B6]; [@B65]). The tuning of AOB MCs to a similar panel of chemosensory stimuli has been characterized using extracellular single-unit recordings ([@B51]). However, since the GCaMP6f imaging platform represents a new approach, we first wanted to investigate the tuning properties of genetically defined MCs and compare these measurements to previous results ([Fig. 2](#F2){ref-type="fig"}). Virally driven GCaMP6f fluorescence in *Pcdh21*-cre mice was observed in cell bodies and apical dendrites of MCs spreading through the ECL and the glomerular layer ([Fig. 1](#F1){ref-type="fig"}*B*). We focused our recordings on GCaMP6f-positive somas, which were all located below the AOB glomerular layer (\>70 µm from the AOB surface).

![Chemosensory tuning of MCs. ***A***, Averaged response traces from an example MC. Traces were smoothed by local polynomial regression fitting. The shaded regions represent 95% confidence intervals. ***B***, Top, Heat map plot of normalized ΔF/F for 266 MCs. Bottom, Binary heat map plot of MC responsiveness; red tiles indicate a stimulus response that passed statistical criteria. ***C***, Left, Histogram showing the number of effective stimuli per cell. Recorded cells are classified into three color-coded groups based on their responsivity. Right, Pie chart showing the composition of recorded MC populations.](SN-JNSJ200198F002){#F2}

We recorded chemosensory activities of 266 AOB MCs([Fig. 2](#F2){ref-type="fig"}*B*), a cohort more than twofold larger than previous electrophysiological studies ([@B29]; [@B2]; [@B51]; [@B66]). Consistent with previous results, dilute female mouse urine and feces stimulated strong global activity that began soon after stimulus delivery. Stimulation-evoked ΔF/F typically reached a peak within the first 2 s of an 8 s VNO stimulus delivery and displayed slow decay kinetics (decay time, 8--12 s after the peak). Because the decay kinetics of GCaMP6f ([@B14]) are much faster than previous measurements of spike frequency decay, the slowness of GCaMP6f offset times likely reflects the slow cessation of spiking activity in AOB MCs ([@B44]; [@B68]; [@B29]; [@B2]; [@B51]; [@B53]). Of the 266 MCs we studied, 242 (91.0%) responded to at least one of the naturalistic stimuli, 199 (74.8%) responded to at least one monomolecular sulfated steroid ligand, and 125 (47.0%) were responsive to at least two sulfated steroids ([Fig. 2](#F2){ref-type="fig"}*A*). We also observed a substantial number (24 of 266; 9%) of Pcdh21^+^ cells that were exclusively responsive to one or more sulfated steroids ([Fig. 2](#F2){ref-type="fig"}*C*). Analysis of MC stimulus responses revealed stereotyped patterns of steroid sensitivity that were consistent with previous spiking-based measurements, suggesting that MC GCaMP6f measurements accurately reflect MC activity ([Fig. 2](#F2){ref-type="fig"}*C*; [@B51]).

AOB juxtaglomerular cells show a slight bias toward naturalistic stimuli
------------------------------------------------------------------------

The activity of AOB MCs is shaped at multiple levels by inhibitory interneurons. The first stage of MC inhibition occurs in the glomerular layer, where AOB JGCs reside and release GABA onto MC dendrites and VSN presynaptic terminals ([@B53]). Because there have not been any systematic recordings of AOB interneuron tuning, we first sought to measure tuning in a general population of AOB GABAergic interneurons. We therefore expressed GCaMP6f in AOB interneurons by stereotaxically injecting AAV9.CAG.Flex.GCaMP6f into the AOB of *Gad2*-IRES-Cre transgenic mice ([@B64]). A large population of neurons and dendritic arbors in the AOB glomerular layer and the superficial external cellular layer was strongly labeled and visible under the 2-photon microscope ([Movie 2](#vid2){ref-type="supplementary-material"}). The density of GCaMP6f labeling in the deeper ECL, where EGC somas and IGC dendrites reside, paradoxically precluded the identification of well resolved neuronal recordings. However, neurons in the GL and superficial ECL were readily observed that had small soma size (∼10 µm) and compact dendrites that ramified within the glomerular layer, which is consistent with anatomic descriptions of JGCs ([@B42]).

###### 

An *ex vivo* 2-photon GCaMP6f Ca^2+^ imaging video 18X speed) showing Gad2^+^ JGCs activated by VNO chemosensory stimulation.

10.1523/JNEUROSCI.2238-19.2020.video.2

JGCs reside in the glomerular layer and sense glutamate released by VSN axons and MC dendrites ([@B36]; [@B11]). As with MCs, following VNO chemosensory stimulation we observed large, reliable GCaMP6f responses over multiple randomized trials ([Movie 2](#vid2){ref-type="supplementary-material"}). Dilute BALB/c mouse feces and urine were the two most potent JGC activators. A total of 198 of 203 (97.5%) recorded JGCs showed reliable responses toward female mouse feces or urine ([Fig. 3](#F3){ref-type="fig"}*B*,*C*). In the JGC dataset, 300-fold diluted female mouse feces triggered stronger global activity than 100-fold diluted female mouse urine ([Fig. 3](#F3){ref-type="fig"}*B*), which may at least be a partial consequence of the most accessible imaging region being in the lateral/anterior quadrant of the AOB. Of 113 (55.7%) sulfated steroid-responsive JGCs, 93 (45.8%) were responsive to no more than two different sulfated steroids and 9 (4.4%) were responsive to more than four sulfated steroids ([Fig. 3](#F3){ref-type="fig"}*C*). The response patterns of AOB JGCs to this panel were largely similar to MCs, but a slightly lower percentage of JGCs responded to both naturalistic stimuli and monomolecular ligands than AOB MCs ([Figs. 2](#F2){ref-type="fig"}*C*, [3](#F3){ref-type="fig"}*C*), suggesting that, as expected based on their restricted glomerular innervation patterns, JGCs perform less excitatory integration than MCs.

![***A***, Example GCaMP6f images of the AOB Gad2^+^ JGCs under chemostimulation. Activated glomeruli are circumscribed by dashed lines. Scale bar, 50 μm. ***B***, Averaged ΔF/F traces for three example JGCs. Traces were smoothed by local polynomial regression fitting. The shaded regions indicate 95% confidence intervals. Colored asterisks indicate the identities of cells in ***C***. ***C***, Top, Heat map of normalized ΔF/F for 203 JGCs. Bottom, Heat map of JGC stimulus responsiveness. Colored arrowheads indicate the recordings presented in ***B***. ***D***, Left, Histogram showing the number of effective stimuli per cell. Recorded cells were classified into three color-coded groups by their selectiveness. Right, Pie chart showing the composition of recorded JGC responsivities.](SN-JNSJ200198F003){#F3}

EGC GCaMP6f imaging indicates remarkably sparse chemosensory tuning
-------------------------------------------------------------------

In primary chemosensory circuits, a common inhibitory motif involves broadly integrating interneurons that perform divisive normalization or gain scaling ([@B70]; [@B40]; [@B35]). In the MOB, PV-EPL interneurons have been shown to perform these functions, but it is unknown whether analogous cells exist in the AOB. EGCs seemed well matched to the morphologic and physiological features of MOB PV-EPL neurons ([@B42]; [@B46]). Many EGCs are labeled in *Cort*-cre transgenic mice ([@B46]), a fact that we exploited here to specifically target EGCs for viral infection ([Fig. 4](#F4){ref-type="fig"}*A*). We drove GCaMP6f expression in *Cort^+^* EGCs via AAV9.CAG.Flex.GCaMP6f injection into the AOB, followed by 2-photon Ca^2+^ imaging in *ex vivo* preparations.

![***A***, AOB Sagittal section from a *Cort*-T2A-Cre transgenic mouse mated to a Cre-dependent tdTomato reporter line. Scale bar, 200 μm. ***B***, Raw GCaMP6f images from three example EGCs. Scale bar, 10 μm. ***C***, Averaged ΔF/F traces of the three cells shown in ***B***. Traces were smoothed by local polynomial regression fitting. Shaded regions represent 95% confidence intervals. Colored asterisks indicate the identities of cells in ***D***. ***D***, Top, Heat map of normalized ΔF/F for 65 recorded EGCs. Bottom, Binary heat map of EGC stimulus responsiveness; red tiles represent the pairs that passed the statistical criteria. Colored arrowheads indicate the cells and recordings presented in ***B***, ***C***. ***E***, Left, Histogram of EGC responsivity, with tuning classified into three color-coded subgroups. Right, Pie chart of EGC response classes.](SN-JNSJ200198F004){#F4}

GCaMP6f expression was concentrated in the AOB ECL (\>80 µm from the AOB surface), but basal fluorescence intensity was extremely low compared with AOB cells infected with AAVs in both *Pcdh21*-cre and *Gad2*-cre mice (principal neurons and JGCs, respectively). Baseline GCaMP6f intensity was so low in most infected EGCs that they were not detectable above background until the AOB was activated by VNO stimulation (Materials and Methods; [Fig. 4](#F4){ref-type="fig"}*B*). Identified GCaMP6f-expressing EGCs had small soma size, expansive arborizations, and, in case baseline GCaMP6f fluorescence was high (presumably due to loss of membrane integrity/cell death), we observed large arborizations dense in synaptic spines or gemmules, all of which were consistent with previous descriptions of EGCs ([@B42]; [@B46]).

We next investigated the chemosensory tuning properties of Cort^+^ EGCs. To our surprise, these EGCs showed evidence of extremely sparse, rather than broad, tuning to the panel of chemosensory cues ([Fig. 4](#F4){ref-type="fig"}*D*,*E*, [Movie 3](#vid3){ref-type="supplementary-material"}). Of the 65 recorded EGCs, 41 (63.0%) were activated only by naturalistic stimulation but not by sulfated steroids. Just 24 (37.0%) of 65 Cort^+^ EGCs were responsive to sulfated steroids at all, with only 4 (6.2%) of the recorded cells exclusively activated by sulfated steroids ([Fig. 4](#F4){ref-type="fig"}*D*,*E*). This small population of cells showed broad sulfated steroid tuning, but also showed above-normal baseline fluorescence and spontaneous activity, perhaps suggesting that these cells may have been unhealthy (or are perhaps members of a rare Cort^+^ cell subtype). These experiments indicated that Cort^+^ EGCs have unique features that keep basal GCaMP6f fluorescence low and revealed that EGCs are sparsely tuned to chemical cues. This result was contrary to our hypothesis that EGCs, like PV-EPL interneurons in the MOB, would be more broadly tuned than their upstream MC inputs.

###### 

An *ex vivo* 2-photon GCaMP6f Ca^2+^ imaging video 18X speed) showing Cort^+^ EGCs activated by VNO chemosensory stimulation.

10.1523/JNEUROSCI.2238-19.2020.video.3

Chemosensory tuning comparisons among MCs, JGCs, and EGCs
---------------------------------------------------------

To more directly investigate cell type-specific tuning in the AOB, we assessed tuning breadth to all stimuli and monomolecular steroids across all of the cell types studied (see "Materials and Methods"; [Fig. 5](#F5){ref-type="fig"}). The distributions of effective stimuli with ([Fig. 5](#F5){ref-type="fig"}*A*) or without ([Fig. 5](#F5){ref-type="fig"}*B*) naturalistic stimuli per cell indicated that MCs demonstrated the broadest tuning to this panel of chemosensory cues, with 103 of 266 (38.7%) being responsive to no less than four stimuli ([Fig. 5](#F5){ref-type="fig"}*A*), and 125 of 266 (47.0%) are responsive to no less than three sulfated steroids. In contrast, the majority of EGCs (47 of 65; 72.3%) were responsive to two or fewer stimuli and 41 of 65 (43.1%) were not responsive to any sulfated steroids tested. Gad2^+^ JGCs demonstrated intermediate tuning in cases both with and without naturalistic stimuli. The broadness of MC tuning is consistent with heterotypic integration of VNO inputs by AOB MCs ([@B68]; [@B51]). When natural ligand blends were included, the cumulative distributions of effective stimuli showed significant tuning differences between each interneuron type and MCs (EGC vs JGC, *p* = 0.37; EGC vs MC, *p* = 1.5e-4; JGC vs MC, *p* = 4.9e-5; Kolmogorov--Smirnov test; [Fig. 5](#F5){ref-type="fig"}*B*, left). When naturalistic stimuli were excluded ([Fig. 5](#F5){ref-type="fig"}*B*, right), these effects were even more pronounced (EGC vs JGC, *p* = 0.063; EGC vs MC, *p* = 6.1e-7; JGC vs MC, *p* = 3.3e-5; Kolmogorov--Smirnov test). EGCs, JGCs, and MCs have similar distribution patterns across monomolecular steroid stimuli ([Fig. 5](#F5){ref-type="fig"}*C*). For example, A6940, P3817, Q1570, and Q3910 activated the largest number of neurons in all three cell populations, while A7010, E0893, E1050, and E4105 activated the least number of neurons. Overall, the tuning patterns observed for monomolecular sulfated steroids in all cell types were consistent with previous studies ([@B51]; [@B67]; [@B27]).

![***A***, Left, Histograms of the number of effective stimuli for EGCs, JGCs, and MCs. The shaded regions indicate Gaussian kernel densities. Right, Triple asterisks indicate statistically significant differences between groups (EGC vs MC, *p* = 1.5e-4; EGC vs JGC, *p* = 0.37; MC vs JGC, *p* = 4.9e-5, K-S test) ***B***, Same as in ***A***, with dilute urine and feces stimuli excluded. Triple asterisks indicate statistically significant differences between groups (EGC vs MC, *p* = 6.1e-7; JGC vs MC, *p* =3.3e-5; EGC vs JGC, *p* = 0.063, K-S test). ***C***, Percentage of EGCs, JGCs, and MCs that responded to each stimulus in the panel.](SN-JNSJ200198F005){#F5}

JGC and EGC responses to natural ligand blends were overrepresented compared with MCs ([Figs. 2](#F2){ref-type="fig"}*C*, [3](#F3){ref-type="fig"}*C*, [4](#F4){ref-type="fig"}*E*). Specifically, 63% of EGCs ([Fig. 4](#F4){ref-type="fig"}*E*), and 44.3% of JGCs ([Fig. 3](#F3){ref-type="fig"}*C*) responded exclusively to natural ligand blends, compared with 25.2% for MCs ([Fig. 2](#F2){ref-type="fig"}*C*). Conversely, 9% of MCs are exclusively activated by sulfated steroids, compared with 6.2% of EGCs and 2.5% of JGCs. These differences in the proportion of responsive neurons may reflect complex network effects. However, they may more simply reflect differences in activation thresholds; previous studies indicated that MCs have higher signal-to-noise ratios and lower effective thresholds for activation than their VSN inputs ([@B51]).

EGCs and MCs show similar GCaMP6f-to-spiking relationships during simulated sensory activity
--------------------------------------------------------------------------------------------

The observation that he chemosensory tuning of EGCs is much sparser than MCs was contrary to our initial hypothesis. One possible explanation for this observation is that EGC GCaMP6f signals more weakly reflect spiking activity in EGCs compared with MCs. To study GCaMP6f-to-spiking relationships, we first performed 2-photon guided whole-cell patch-clamp recordings on EGCs and MCs while recording their GCaMP6f signals in acute brain slices. We first found that resting membrane potentials in EGCs (--86.0 ± 1.0 mV; *N* = 22) were significantly hyperpolarized compared with those of MCs (−63.7 ± 1.0 mV; *n* = 18), confirming earlier results ([@B23]; [@B46]).

We investigated the GCaMP6f responses to pulse stimulation in both current-clamp and voltage-clamp modes ([Fig. 6](#F6){ref-type="fig"}*A--D*). In current clamp, EGCs and MCs reached comparable peak ΔF/F values during 10 s, 20 Hz somatic pulse trains ([Fig. 6](#F6){ref-type="fig"}*B*). In both voltage and current clamp, MCs showed faster rising dynamics than EGCs ([Fig. 6](#F6){ref-type="fig"}*B*). In voltage clamp, most MCs (20 of 22) showed a sigmoidal ΔF/F stimulus--response relationship ([Movie 4](#vid4){ref-type="supplementary-material"}), whereas many EGCs (6 of 17) failed to reach a plateau at all ([Fig. 6](#F6){ref-type="fig"}*B*, [Movie 5](#vid5){ref-type="supplementary-material"}).

![***A***, Diagram of the whole-cell patch-clamp setup. ***B***, Example GCaMP6f fluorescence response to artificial current injection in current clamp (I-Clamp, left) and voltage clamp (V-Clamp, right). ***C***, Example responses of EGCs and MCs in response to current injection steps. ***D***, Left, The ΔF/F-number-of-spikes relationship under ∼10 Hz firing. Triple asterisks indicate statistical significance (*p* = 5.06e-36, main effect of cell type; two-way ANOVA). Right, Firing rate of EGC and MC. n.s.: not statistically significant (Student\'s *t* test, *p* = 0.35). ***E***, Diagram of loose-seal cell-attached recording and glomerular layer stimulation. Estim, Theta glass stimulating electrode; Erecord, loose-seal recording electrode. ***F***, Example loose-seal cell-attached recording traces from two EGCs and two MCs show clear fluorescence increases following single spontaneous spikes. ***G***, Example evoked fluorescence traces of an EGC and an MC. The black bar indicates the stimulation window. The insets are enlarged views of the first ∼0.25 s after stimulation onset. ***H***, ΔF/F at the 3 and 10 frames immediately after the onset of spike 1, plotted against the number of spikes that occurred in this time window. Triple asterisks indicate statistical significance; n.s. indicates lack of statistical significance(3 frames, *p* = 0.65; 10 frames, *p* = 2.04e-6, main effect of cell type, two-way ANOVA). ***I***, Left, The ΔF/F-to-spiking relationship measured by loose-seal cell-attached recording. Double asterisk indicates statistical significance (*p* = 4.1e-3, main effect of cell type, two-way ANOVA). Right, The number of action potentials required to pass ΔF/F = 0.1 (Student\'s *t* test, *p* = 0.91) and ΔF/F = 0.3 (Student\'s *t test*, *p* = 0.66). n.s indicates lack of statistical significance.](SN-JNSJ200198F006){#F6}

###### 

Pcdh21+ MC GCaMP6f Ca^2+^ imaging coupled with 10 s, 20 Hz depolarization pulse train in voltage clamp.

10.1523/JNEUROSCI.2238-19.2020.video.4

###### 

Cort^+^ EGC GCaMP6f Ca^2+^ imaging coupled with 10 s, 20 Hz depolarization pulse train in voltage clamp.

10.1523/JNEUROSCI.2238-19.2020.video.5

We further tested the GCaMP6f performance with step current injections in current-clamp mode. Standardized current injection ramps elicited comparable maximal spike frequencies in EGCs (27 ± 1.53 Hz, *N* = 6) and MCs (25 ± 3.70 Hz, *N* = 4; [Fig. 6](#F6){ref-type="fig"}*C*). We measured changes in GCaMP6f intensity during step current injections that evoked ∼10 Hz firing for 10 s (MC: 9.64 ± 0.131 Hz, *N* = 4; EGC: 10.07 ± 0.256 Hz, *N* = 6; *p* = 0.11, Student\'s *t* test; [Fig. 6](#F6){ref-type="fig"}*D*). In these conditions, both cell types reached equally high peak ΔF/F (MC, 3.68 ± 0.267; EGC, 3.27 ± 0.692; Student\'s *t* test, *p* = 0.63). Analysis of the GCaMP6f-to-spiking relationship for the first 20 spikes in these trials showed that both MCs and EGCs showed a nearly linear ΔF/F relationship ([Fig. 6](#F6){ref-type="fig"}*D*). However, MCs demonstrated a faster increase in ΔF/F, as evidenced by a significantly larger GCaMP6f-to-spiking slope in MCs compared with EGCs (*p* = 5.06e^−36^, main effect of cell type; *p* = 9.79e^−12^, cell type-- spike number interaction, two-way ANOVA). Thus, whole-cell patch clamp-based approaches indicated more robust GCaMP6f-to-spiking performance in MCs than in EGCs.

Patch-clamp-based approaches for evaluating GCaMP6f-to-spiking relationships are common ([@B16]; [@B32]; [@B69]), but have several important caveats. For example, whole-cell patch clamp disrupts cytoplasmic Ca^2+^ buffering environment. Moreover, stimulating spiking through the somatic patch-clamp electrode does not activate these cells via the natural progression of synaptic excitation experienced *in vivo* (or the *ex vivo* preparation). To evaluate GCaMP6f performance during more natural waves of synaptic activation, we performed simultaneous GCaMP6f Ca^2+^ imaging and loose-seal cell-attached recordings while electrically stimulating the AOB glomerular layer (EGC, *N* = 8; MC, *N* = 12; [Movies 6](#vid6){ref-type="supplementary-material"}, [7](#vid7){ref-type="supplementary-material"}, [Fig. 6](#F6){ref-type="fig"}*E*). In these recordings, both MCs and EGCs sometimes fired spontaneously, eliciting clear GCaMP6f responses ([Fig. 6](#F6){ref-type="fig"}*F*). When glomerular layer stimulation was applied, we recorded stimulus-evoked action potential trains in MCs and EGCs of equivalent frequencies (MC: 8.76 ± 1.87 Hz, N = 12; EGC: 12.63 ± 3.50 Hz; *N* = 8). Unlike in whole-cell patch-clamp experiments, these recordings showed rapid GCaMP6f increases in both cell types ([Fig. 6](#F6){ref-type="fig"}*G*). We analyzed the GCaMP6f response following the initial stimulus-evoked spike by plotting the GCaMP6f amplitude achieved versus the number of spikes within a fixed window after spike 1. We evaluated GCaMP6f responses at 3 frames (∼100 to 132 ms) and 10 frames (∼333 to 365 ms) to show the short-term and longer-term development of the evoked signal ([Fig. 6](#F6){ref-type="fig"}*H*). Within three frames, EGCs and MCs showed no difference (EGC, 19 trials of 8 cells; MC, 37 trials of 12 cells; *p* = 0.65, main effect of cell type; *p* = 0.90, cell type--spike number interaction, two-way ANOVA). Within 10 frames, EGCs started to develop a stronger cumulative effect than MCs (EGC, 18 trials of 7 cells; MC, 36 trials of 12 cells; *p* = 2.04e^−6^, main effect of cell type; *p* = 2.1e^−12^, cell type--spike number interaction, two-way ANOVA). The relationship between the first 20 spikes and ΔF/F produced similar results (*p* = 4.1e^−3^, main effect of cell type; *p* = 0.99, cell type--spike number interaction, two-way ANOVA). Both MCs and EGCs reached the 30% ΔF/F criterion used to determine responsiveness in the *ex vivo* imaging experiments ([Figs. 2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}) after approximately four spikes ([Fig. 6](#F6){ref-type="fig"}*H*; EGC: 4.13 ± 0.52, *N* = 8; MC: 3.83 ± 0.39, *N* = 12; *p* = 0.66, Student\'s *t* test), and the 10% ΔF/F criterion only after approximately two spikes (EGC: 1.88 ± 0.23, *N* = 8; MC: 1.92 ± 0.26, *N* = 12; *p* = 0.91, Student\'s *t* test). In summary, these experiments show that EGCs and MCs, despite clear differences in GCaMP6f-to-spiking characteristics in the whole-cell patch-clamp configuration, demonstrate similar GCaMP6f responses to spiking when the AOB circuit is engaged. As such, these data suggest that differences in GCaMP6f performance between MCs and EGCs cannot explain the tuning sparseness we observed in EGCs in *ex vivo* preparations ([Figs. 2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}).

###### 

Cort^+^ EGC loose-seal cell-attached recording with simultaneous GCaMP6f Ca^2+^ imaging.
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###### 

Pcdh21+ MC loose-seal cell-attached recording with simultaneous GCaMP6f Ca^2+^ imaging.

10.1523/JNEUROSCI.2238-19.2020.video.7

*Ex vivo* EGC whole-cell recordings reveal broad subthreshold responsiveness
----------------------------------------------------------------------------

Measuring the relationships between spiking and ΔF/F in MCs and EGCs did not account for the sparseness of observed EGC tuning. Moreover, ΔF/F-to-spiking estimates were made using artificial spike-inducing protocols that may not reflect spiking conditions in the *ex vivo* chemosensory tuning experiments. Another possible explanation for EGC tuning sparseness could be the highly hyperpolarized resting membrane potentials of EGCs, which our data and previous studies indicated are ∼15 to 20 mV hyperpolarized compared with other AOB neurons ([@B46]). This extreme resting hyperpolarization could prevent EGC spiking in all but the strongest stimulation conditions, potentially preventing the observation of robust GCaMP6f signals. We therefore performed 2-photon fluorescence-guided whole-cell patch-clamp recordings on Cort^+^ EGCs in the *ex vivo* preparation ([Fig. 7](#F7){ref-type="fig"}). We performed these experiments in *Cort-*T2A-Cre mice crossed to a cre-dependent tdTomato reporter line ([@B45]), which improved our ability to identify EGC somata at rest. Using techniques similar to those in the study by [@B28], we achieved the whole-cell configuration, then maintained each cell in current clamp near its initial resting potential via DC current injection. EGC resting membrane potentials in the *ex vivo* preparations, measured immediately after break-in, were depolarized compared with AOB slices (−63.7 ± 2.0 mV, *n* = 18). The reasons for the discrepancy were not clear, given that the internal and external solutions were identical to those in slice experiments. Nevertheless, we decided to maintain patched EGCs at these relatively depolarized potentials because they more likely reflected the state of EGCs in this *ex vivo* preparation (i.e., during GCaMP6f imaging experiments; [Figs. 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"}). Importantly, the observation that EGCs had relatively depolarized resting membrane potentials in the *ex vivo* preparation suggests that, if anything, EGCs in this preparation might be much closer to action potential threshold than was suggested by resting potentials measured in slice experiments.

![***A***, Average voltage traces of an example EGC in the *ex vivo* preparation during VNO stimulation. Subthreshold responses activities are enlarged in the insets. Q1570, Q3910, and P8168 reliably elicit subthreshold EPSPs. Urine and fecal extracts cause action potentials. ***B***, Heatmap of average voltage changes of 18 recorded EGCs. ***C***, Heatmap of the spiking responses of the same 18 EGCs. ***D***, Comparison between responsiveness measured via Ca^2+^ imaging and patch clamp. ***E***, Threshold integration model of MC--EGC connectivity.](SN-JNSJ200198F007){#F7}

We recorded EGC responses while we stimulated the VNO with the same panel of chemical cues used in our GCaMP6f recordings ([Fig. 7](#F7){ref-type="fig"}). Consistent with our GCaMP6f results, action potentials were reliably triggered in EGCs following VNO stimulation with natural ligand blends (dilute mouse urine or feces), but rarely by any monomolecular ligands in the stimulation panel ([Fig. 7](#F7){ref-type="fig"}*A*). The spiking responses to peripheral stimulation typically included burst firing early in the stimulus presentation (11.90 ± 2.56 Hz, *n* = 20) followed by a long-lasting subthreshold decay period that extended well beyond the stimulation window (mean 90--10% decay time, 9.70 ± 0.44 s; *n* = 76 cell--stimulation pairs). The depolarization decay kinetics are comparable for naturalistic stimuli (mean 90--10% decay time, 10.26 ± 0.49 s; *n* = 31 cell--stimulation pairs) and monomolecular ligands (mean 90--10% decay time, 9.30 ± 0.65 s; *n* = 45 cell--stimulation pairs). Importantly, we readily observed broad subthreshold responses to many monomolecular steroid ligands ([Fig. 7](#F7){ref-type="fig"}*A*). These subthreshold responses were tightly coupled to the onset of stimulation and were reliable across repeated trials ([Fig. 7](#F7){ref-type="fig"}*A*). The overall envelope of depolarization was consistent with the time course of activation of MC GCaMP6f activity ([Figs. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}; mean, 90--10% decay time, 8.09 ± 0.06 s; *n* = 978 cell--stimulation pairs) and previous studies ([@B68]; [@B29]; [@B51]; [@B71]).

Investigating the patterns of EGC subthreshold responsiveness revealed much broader MC integration than was indicated by GCaMP6f imaging experiments. Of 18 responsive EGCs, 13 showed only subthreshold activity, without spiking, to VNO stimulation with monomolecular sulfated steroids ([Fig. 7](#F7){ref-type="fig"}*B*; *p* \< 0.05 compared with the vehicle control, Wilcoxon rank sum test). Comparing the summed subthreshold and suprathreshold tuning to suprathreshold-only tuning in this group of patched cells revealed the major source of discrepancy between MC and EGCs ([Fig. 7](#F7){ref-type="fig"}*B*,*C*). For example, 4 of the 18 recorded cells, despite clear subthreshold responses to these stimuli, did not spike at all. Of the 14 cells that spiked in response to these stimuli, the majority (9 of 14) spiked only in response to naturalistic ligand blends, in agreement with GCaMP6f-based results ([Fig. 4](#F4){ref-type="fig"}*D*). When we included subthreshold activation in our criteria, the distribution of EGC responsivity was significantly right skewed (broader) than the distribution EGCs determined by the GCaMP6f imaging signal (*p* = 2.2e-4, Kolmogorov--Smirnov test), and became statistically indistinguishable from MCs (*p* = 0.21, Kolmogorov--Smirnov test; [Fig. 7](#F7){ref-type="fig"}*D*). These results help to explain our *ex vivo* Ca^2+^ imaging observations and support the hypothesis that EGCs broadly integrate from MCs ([Fig. 7](#F7){ref-type="fig"}*E*). However, these data also show that Cort^+^ EGCs are only effectively driven to spike by stimuli that elicit spikes in a large number of AOB mitral cells (in this stimulus panel, dilute mouse urine and feces). Collectively, these results suggest that AOB EGCs perform fundamentally different roles in the AOB than PV-EPL interneurons play in the MOB. Though these cells are broad integrators, they are sparsely tuned at the level of spiking, suggesting that their activity is only stimulated in conditions in which a large ensemble of MCs is simultaneously activated.

Discussion
==========

Cell type-specific functional studies in the AOB *ex vivo* preparation
----------------------------------------------------------------------

Our knowledge of interneuron function in the AOB is generally lacking due to persistent technical challenges to recording from these neurons during VNO stimulation. The *ex vivo* preparation of the early mouse AOS, which allows optical access to the AOB while preserving VNO--AOB functional connectivity, overcomes some of the major hurdles to performing cell type-specific investigations of chemosensory tuning. However, the results of *ex vivo* studies do come with some limitations. For example, the *ex vivo* preparation eliminates the influence of potential feedback neuromodulation from downstream brain areas, which is clearly important for AOB circuit function ([@B57]). Despite this significant limitation, by removing some *in vivo* complexities, the *ex vivo* approach has clear advantages for dissecting the basic structure and function of the AOB circuit.

By combining *ex vivo* methods with 2-photon microscopy and genetic tools for cell type-specific manipulation in the nervous system, we were able to perform targeted studies of chemosensory tuning in genetically defined AOB interneuron subsets. The specific cell types explored in this study, namely MCs, JGCs, and EGCs, represent three of the four major neuronal classes (with the remaining major class being the IGCs). Our approach allowed us to produce quantitative comparisons of the stimulus--response characteristics of each cell type, and to do so across multiple randomized stimulus trials to reduce the possible impact of spontaneous activity ([@B30]; [@B56]; [@B51]). The utility of this combination of techniques for studying AOB circuit function is thus clear, and the results of these experiments allowed us to reveal key differences in the function of AOB EGCs compared with superficially similar PV-EPL interneurons in the MOB ([@B40]; [@B52]).

AOB EGCs are broadly innervated, but sparsely tuned to chemosensory stimuli
---------------------------------------------------------------------------

AOB MCs are capable of integrating excitatory input from VSNs that express different sensory vomeronasal receptors ([@B68]) and are broadly tuned to sensory input ([@B51]). As such, observing a high amount of tuning diversity in MCs to both naturalistic stimulation and a well characterized panel of monomolecular sulfated steroids ([Fig. 2](#F2){ref-type="fig"}) was expected. The broad and variable patterns of MC tuning adds to a growing list of studies indicating that these cells support the encoding of the identity of a chemosignal-emitting animal ([@B44]; [@B29]; [@B2]; [@B66]). The high degree of activation of MCs by the monomolecular sulfated steroid ligands in this panel also further supports the notion that these cells possess higher coding robustness than their VSN inputs, a feature shared by principal neurons in other sensory circuits and species ([@B3]; [@B51]; [@B72]).

Our a priori hypothesis was that AOB EGCs were functionally analogous to MOB PV-EPL interneurons, so we were surprised when we observed significantly sparser chemosensory tuning in EGCs compared with their upstream MCs inputs. While many EGCs were reliably activated by female BALB/c mouse urine or fecal extracts, few showed responsiveness to monomolecular ligands ([Fig. 4](#F4){ref-type="fig"}). This result was counterintuitive, given that EGCs have extensive spinous dendritic arborizations in the ECL and receive a constant barrage of strong glutamatergic excitation from MCs, even in the absence of VSN activation ([@B46]). We investigated whether differential GCaMP6f signaling in EGCs and MCs could contribute to this observation. To do so, we used whole-cell patch-clamp and loose-seal cell-attached recording ([Fig. 6](#F6){ref-type="fig"}). Though discrepancies in GCaMP6f reporting efficiency were observed in the whole-cell patch-clamp configuration, loose-seal recordings during glomerular layer stimulation, which more closely mimics natural AOB stimulation, indicated no differences between these cell types ([Fig. 6](#F6){ref-type="fig"}*E--I*). Our results indicate that our criteria for responsiveness are achieved with 2 or more spikes in MCs and EGCs ([Fig. 6](#F6){ref-type="fig"}*G*--*I*). This approach should therefore achieve a low false-negative rate, but it is worth noting that single-spike responses (in both MCs and EGCs) may not have been detected. These results provide important evidence that differences in GCaMP6f signals across AOB MCs and EGCs cannot account for the observed tuning sparseness in EGCs.

EGCs were previously noted for having extremely hyperpolarized resting membrane potentials ([@B46]), which suggested that EGCs may possess very high thresholds for action potential generation from resting states. Whole-cell patch-clamp studies of EGCs in the *ex vivo* preparation revealed that, despite using the same internal and external solutions as in slice experiments, EGC resting membrane potentials were more depolarized in the *ex vivo* preparation than in slices. This could be the result of incomplete perfusion of the relatively low \[K^+^\]~o~ in the aCSF (2.5 m[m]{.smallcaps}), or perhaps due to an overall higher excitatory tone in this preparation (or both). Importantly, these resting membrane potential measurements were made in the same conditions in which EGC GCaMP6f chemosensory tuning measurements were made, suggesting that EGC resting hyperpolarization has a less dramatic impact on tuning sparseness than expected based on slice results. In *ex vivo* whole-cell recordings, we observed rich subthreshold sulfated steroid-evoked activity, but little spiking except in response to stimulation with urine or feces ([Fig. 7](#F7){ref-type="fig"}). Thus, despite mildly depolarized resting membrane potentials in the *ex vivo* preparation, EGCs demonstrate resistance to action potential generation unless a very large MC ensemble is simultaneously active (as is the case when the VNO is stimulated with mouse urine and feces). Physiologic mechanisms that could contribute to high EGC thresholds for spiking could include selective expression of leak channels on EGC dendrites and shunting inhibition by other interneurons ([@B12]). Future studies will be needed to investigate the source of high EGC spiking thresholds.

It is worth also noting that although the *Cort-*T2A-cre transgenic mice used in these studies selectively label AOB EGCs, the Cort^+^ EGC population likely represents a fraction of the total EGC population ([@B46]). As such, it is possible that the chemosensory tuning we observed represents a specific subgroup of Cort^+^ EGCs. This seems unlikely, given that no differences were found among EGC morphologies, intrinsic features, and synaptic features across several transgenic lines that label these cells ([@B46]). Also, although Cort^+^ EGC labeling spans the anterior and posterior AOBs, our optical recordings were largely confined to portions of the anterior AOB where responsiveness to the cues in our panel is most prominent ([@B51]; [@B18]). As such, it may be the case that EGCs in the posterior AOB have different tuning qualities than are indicated in this study.

Implications for models of AOB information processing
-----------------------------------------------------

The complex physiological properties of EGCs and their chemosensory tuning are becoming clearer, but the impacts of EGC activation on MC function remain unclear. Many EGCs are labeled in *Gad2*-IRES-cre transgenic lines ([@B46]), consistent with a GABAergic phenotype. EGCs are axonless and have spinous dendrites that closely appose MC dendrites, and AOB MCs are known to form reciprocal dendrodendritic synapses with other AOB interneurons ([@B36]; [@B65]; [@B11]; [@B42]). Seemingly analogous PV-EPL interneurons in the MOB have been shown to be broadly inhibitory ([@B40]; [@B52]; [@B43]). All of these pieces of evidence point to a reciprocalinhibitory function for EGCs, and future studies will be able to further elucidate the impact of EGCs on MC function and information flow through the AOB.

Regardless of the mechanisms underlying the specific chemosensory tuning features of EGCs, the observation that EGCs rarely spike in the absence of a naturalistic ligand blend has important implications for AOB circuit function. First, these results suggest that EGCs have unique roles in AOB processing that are different from PV-EPL interneurons in MOB. This is not the first observation of seemingly analogous neural types in the MOB and AOB having different physiological properties ([@B61]; [@B36]; [@B1]; [@B68]; [@B11]; [@B62]). In the MOB, PV-EPL interneurons are activated by many monomolecular odorants with low thresholds, resulting in chemosensory tuning that is close to a simple linear addition of the tuning maps of input MCs ([@B40]). This quality benefits unbiased monitoring of MC activity and supports divisive normalization of MCs based on the overall population response ([@B40]; [@B52]; [@B43]). In contrast, AOB EGCs appear to have extremely high effective thresholds despite receiving synaptic input from many MCs, which may strongly bias their activity away from monomolecular ligands and toward the blends of ligands found in natural excretions ([@B56]). Since natural vomeronasal social cues are only known to exist in the form of such complex blends, the difference in monomolecular tuning sparseness between AOB EGCs and MOB PV-EPL interneurons might reflect macroscopic differences in the natural statistics of ligand sampling between these two chemosensory pathways. It may also be the case that MC inhibition by EGCs takes place locally at reciprocal dendrodendritic synapses in a spiking-independent manner, as has been observed in the MOB ([@B34]; [@B60]; [@B15]; [@B26]; [@B33]; [@B20]; [@B31]; [@B9]; [@B41]).

AOB EGCs thus appear to be, at a minimum, operating in a manner that is clearly different from PV-EPL interneurons in the MOB, raising questions about their *in vivo* roles in sensory processing. Several studies have reported individual vomeronasal ligands capable of evoking significant behavioral effects through the AOS ([@B13]; [@B25]; [@B58]). If our results hold for other AOS ligands, it seems unlikely that these particular chemosensory exposures engage EGCs, which may have important implications for information flow through the AOB toward its downstream targets in the limbic system ([@B47]; [@B24]; [@B63]). In sum, these experiments contribute a wealth of information about chemosensory tuning of specific AOB cell types, adding important quantitative constraints on the role of inhibitory interneurons on AOB circuit function.
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